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ABSTRACT 

Radar observations of Venus were made at wavelengths of 

1 2 . 5  cm.  and 68 c m .  during several  months around the 1961 in-  

f e r io r  conjunction. These observations have been quantitatively 

compared for  possible dispers ion effects caused by the atmosphere 

of Venus and the interplanetary medium. 

plasma has been observed a t  68 cm through correlat ions of the 

r ada r  echo charac te r i s t ics  with solar activity. 

A possible effect of the 

On the assumption 

that this correlat ion was real ,  a crude model for  the ionosphere of 

Venus has been developed. 

density at Venus of o rde r  10 

frequency of about 30 Mcps. 

The model yields a maximum electron 

7 - 3  c m  

The absence of relative dispers ion 

corresponding to  a plasma 
27 

and absorption effects between the two propagation frequencies i s  

interpreted to  indicate that all plasma phenomena were small, 

however. In par t icular ,  the proposed "ionospheric" model as  

the source of the Venusian radio spectrum i s  shown to be inconsistent 

with the r ada r  observations.  An analysis of the observed echo 

power indicates the average dielectric constant of the Venusian 

surface ma te r i a l  to be l e s s  than 7 but grea te r  than 3 with no la rge  

upward variations during the observations. 

dielectr ic  constant and the absence of measurable  variations in 

This low value of the 

the echo power (and consequently, in the dielectric constant) i s  

interpreted to  indicate that there a r e  no large bodies of water  on 

the Venusian surface.  



THE ELECTRICAL CHARACTERISTICS OF THE ATMOSPHERE 
AND SURFACE OF VENUS FROM RADAR OBSERVATIONS~ 

INT ROD UCTION 

Radar observations of Venus made a t  the 1961 inferior con- 

junction by the J e t  Propulsion Laboratory and the Lincoln Laboratory 

have yielded significant information about the electr ical  propert ies  

of the Venus atmosphere and surface.  The JPL group worked a t  a 

wavelength of 12. 5 c m ;  the resul ts  have been documented by Victor 

and Stevens (1961), Muhleman (1961, 1962a) and Muhleman e t  al .  

(1962). 

the Millstone Staff (1961), and by Pettingill et  al .  (1962). 

The work of the Lincoln group at 68 c m  i s  discussed by 

This  paper  considers  the fundamental resu l t s  pertinent to  the 

investigation of the atmosphere and surface electr ical  charac te r i s t ics  

of Venus. The resu l t s  m a y  be summarized a s  follows: 

1 .  The 12. 5 cm reflection was f rom the solid surface of 

Venus (Muhleman et  a l .  1962). 

2 .  The 68 cm reflection w a s  f rom the solid surface of 

Venus (Pettingill e t  a l .  1962). 

A total  of 11. 2 *  2.870 of the power that would have 3 .  

been reflected f rom an equivalent conducting sphere 

This  paper  presents  the resul ts  of one phase of r e sea rch  ca r r i ed  out at the 
Jet Propulsion Laboratory,  California Institute of Technology, under Con- 
t r a c t  NAS 7-100, sponsored by the National Aeronautics and Space Adminis- 
t ra t ion.  The r e s e a r c h  a t  Harvard Observatory is sponsored in pa r t  by the 
National Science Foundation. 
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in vacuum with the same geometry as  Venus was r e -  

turned at 12. 5 c m  (Muhleman, 1962b). 

4.  Approximately 10% of the power at 68 c m  was returned 

under the same assumptions (Pett ingil l  et al.  1962). 

The astronomical  unit a s  determined by Pettingill a t  5. 

68 c m  is approximately 200 k m  shor t e r  than that de t e r -  

mined by Muhleman et al .  (1 962)  a t  12.  5 c m .  

There  is no observed correlation on a daily basis  6 .  

between the returned echo power a t  12.  5 c m  and the 

so la r  f la re  index o r  10. 7 cm so lar  flux. 

Since resul ts  1 and 2 a r e  discussed in detail  in the quoted r e f e r -  

ences ,  nothing fur ther  w i l l  be added here  except t o  emphasize that 

they a r e  generally accepted a s  certainties.  

be discussed in detail .  

Results 3 through 6 w i l l  

I. THE IONOSPHERIC MODEL OF THE VENUS ATMOSPHERE 

An excellent summary  of information about the Venus atmosphere 

has  been given by Mayer  (1 961).  The fundamental information of 

in te res t  for  this study is the determination of the tempera ture  of 

285°K in the infrared and the equivalent black body tempera ture  of 

600 OK in the spec t ra l  range from 3 to 1 2 . 5  cm;  a range recently ex -  

tended by Lilley (1961) to 21 c m .  

been proposed that f i t  these observations (Barre t t ,  1961), (Opik, 1961), 

Several  model a tmospheres  have 
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(Tolber t  and Straiton, 1962), (Sagan, 1960). A model found by 

Jones (1961) has received much discussion. 

surface temperature  of about 285°K and a dense ionosphere with an 

electron temperature  of 600°K. 

detail  and shown to be completely inconsistent with the r ada r  resu l t s  

summar ized  above. 

It a s sumes  a planetary 

This model wi l l  be discussed in 

If we assume that the equivalent black body surface tempera ture  

of Venus is  T 

with a n  electron tempera ture  of T and a total  opacity T, the observed 

intensity at a frequency w is  given by 

and that the atmosphere consists of e lectrons and ions 
S 

e 

We have assumed a plane-isothermal atmosphere for  purposes of 

discussion.  The exact expression for  a spherical  a tmosphere can 

be writ ten,  but the resu l t s  would not differ significantly. 

use  the Rayleigh-Jeans approximation to  the black body law fo r  

microwave lengths: 

We may  

Then Eq. (1) becomes 
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The opacity of the medium, T , is assumed to be due to  the 

electron-free - f ree  -transit ion mechanism, and the absorption 

coefficient p e r  c m  is given by Oster (1961) as 

1 / 2  6 

K = ;  ( z )  e 312 2 Ne N i  rJ: In (-)I yvh ) (4) v C(mkTe) 

where 

e = charge on the electron 

k = Boltzman's constant 

m = the electron m a s s  

3 N = the electron density/cm 

N. = the  ion densi ty/cm 

Y = 1 . 7 8  . . .  

e 
3 

1 

The last t e r m  in brackets of Eq.. (4) can be identified with the s o -  

called gaunt factor which we take to be 4 . 0  for the range of tempera tures  

and frequencies considered he re .  
N 

Insertion of the constants and the assumption that N - Ni yields e 

2 h i  I\ - 23 e A' ( cm -1 ) 
312 K = 7.91 x 10 
I e 

The opacity is then 

-23 A2 e 
T ( A )  = T ( V )  = 7.91 x 10 dz . 

J I  e 

(5) 
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The f i t  to  the observed radio spectrum near  infer ior  conjunction 

a s  summarized by Mayer (1961) with T s  = 285 and Te  = 600 and 

is shown in F ig .  1 .  The model fits the observations well. However, 

the value of 4 x 

density is very large by t e r r e s t r i a l  analogy and by reasonable 

es t imates  of the so la r  flux, and atomic recombinations a t  Venus. 

fo r  the integral of the square  of the electron 

Table I shows the thickness d of the ionosphere for  severa l  values 

of the mean  electron density that would yield 4 x a s  well a s  the 

rat io  of the solid angle of the Venusian disk including the ionosphere 

t o  that of the visible disk.  

cm the contributing disk would be 55 t imes  the visible disk and 

would probably be detected in antenna-scanning operations.  It is 

interesting to  note that all the observations of the Venus effective 

tempera ture  have been reduced by observers  utilizing the visible 

disk and would be considerably in  e r r o r .  

the m e a n  electron density could not be much l e s s  than 10 

the hypothesized ionospheric model were  co r rec t .  Now, the electron 

density of the p lasma that w i l l  correspond to  the cr i t ical  frequency at 

68 c m  is 2 . 4  x 10 c m  

would have been completely reflected contrary to the radar  resu l t  of 

reflection f rom the solid surface.  

8 Thus if  the e lectron density were 10 

- 3  

Therefore  it appears  that  

9 - 3  cm i f  

9 - 3  . 
; 1. e . ,  at such densit ies the 68 cm waves 
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Dispersion Effects 

We now consider the significance of radar  resu l t  5 which 

concerns the close agreement  in the determinations of the 

astronomical  unit a t  1 2 . 5  and 68 cm. 

- 3  medium of electron density N 

The index of refraction n for a 

c m  i s  given by Radcliffe (1959) a s  e 

e N 2 -  1 

f 2  
n = 1 -  

1.24 x 

Thus the group velocity i s  

where f i s  the propagation frequency, and c o  is  the vacuum speed of 

light. Hence the index of refraction depends on the square of the 

wavelength, and the medium would cause a dispers ion effect between 

the 12. 5 -  and 68-cm waves.  

2 
e 

1 .  If we assume the ionospheric model with [ N dz = 4 x cm-5  
J 8 - 3  and Ne = 10 cm , the difference in the propagation t ime 

in t e r m s  of the astronomical unit for the two wavelengths 

i s  

= - i3360 km A 8 6 8  - A@12.5  

9 -3  2 .  If N = 10 cm , then e 

A 0 6 8  - * Q 1 2 . 5  = t 375 km 
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However, the radar  resu l t s  show that this quantity is minus 200 km. 

Actually, since the disagreement is within both probable e r r o r s  

(* 250 km)  for the two astronomical unit determinations, probably 

no significant dispers ion effects exist .  However, P r o f .  F. Whipple 

(1 962) has pointed out to  the author that a correlat ion apparently does 

exist  between the variations f rom the mean  of the astronomical  unit 

determinations at 68 c m  (Pettingill e t  al.) and the 10 .7  cm solar  

flux. 

10.  7 cm so lar  flux. 

plotted decreasing upwards. 

associated with a n  increase in 10. 7 c m  so lar  flux, the group velocity 

would decrease  and the measured  values of the astronomical  unit would 

lengthen contrary to  the effects shown in Fig.  2.  The formal  c o r -  

relation coefficient between the A .  U. residuals  and the solar  flux 

Pett ingil l 's  residuals a r e  shown in F ig .  2 along with the 

It should be noted that the so l a r  flux has  been 

If an increase in electron density i s  

was found to  be minus 0 . 5 7 4  with a corresponding significance level 

g rea t e r  than 997'0. The correlation appears  undeniable. No correlat ion 

has  been observed between the solar flux and the 12 .5  c m  determinations.  

Fu r the r ,  the correlat ion between the returned signal power a t  12. 5 cm,  

and the so la r  flux w a s  found to  be statist ically insignificant. 

Pett ingil l  et  al.  (1962) have pointed out that  the variations in the i r  

res iduals  a r e  of the co r rec t  period and phase with the Earth-Moon 

rotation. 

m a s s  position. 

This  suggests a possible e r r o r  in the Earth-Moon center  -of - 

Such a n  e r r o r  would have to  be due to  an erroneous 

Earth-Moon mass rat io  but the explanation i s  unacceptable for  two 

reasons :  first,  the e r r o r  in the m a s s  rat io  would have to be a factor 
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of ten l a rge r  than the presently accepted uncertainty in this constant; 

and second, such an  effect  would pers i s t  through the observational 

period, contrary to  the resu l t s  shown in F ig .  2 .  

The acceptance of the hypothesis that the 10 .  7 c m  so lar  flux i s  

negatively correlated with the mean electron density suggests that 

the fundamental solar  activity causes either a "sweeping out" of the 

electrons o r  a n  increase  of recombinations, i. e .  , a proton flux. A 

crude model of the Venusian ionosphere can be constructed f rom a 

quantitative consideration of the data presented in F ig .  2 .  

value of the A .  U. res iduals  i s  f 210 km, which corresponds to  a n  

e r r o r  in the Venus-Earth distance of about f 60 k m .  The relative 

change in this distance caused by a change in the mean  electron 

density w i l l  equal the relative change in the (group) index of refraction, 

i . e . ,  

The r m s  

Since 

N 8 e  N 

f z  n - 1 - 0 . 4 0 ~ 1 0  7 

we in te rpre t  An as 
g 

N 8 e  

f2 An = - k  0 . 4 0 ~ 1 0  
g 
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The ref ore  

8 Ne 

F A Z  = 0 . 4 0  x 10 z 

Inserting f = 440 Mc, we m a y  w r i t e  

-10  
A z  = 2 . 0 6  x 10 z Ne c m  

and finally 

16 - 2  ~ 3 x 1 0  cm 

This value of the integrated electron density between the surfaces  

of the E a r t h  and Venus may  be compared to  the Earth-Moon integrated 

density of about 10 c m  . Thus only a negligible par t  of the Ea r th -  12 - 2  

Venus value can be due t o  the Ea r th ' s  ionosphere, and the remainder  

mus t  be attr ibuted t o  the Venusian ionosphere and the interplanetary 

medium.  If we a s sume  an exponential distribution of e lectron density 

with distance f rom Venus of the f o r m  of 

-kz Ne = Ne e 
Q 
i 

the integrated electron density between Venus and the Ear th  is given by 
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-1 We m a y  solve for the scale  height, k 
- 2  

equal to  cm if we can estimate Ne . Since maximum density 

in the E a r t h ' s  ionosphere is of order  10 - 7 - 3  - 10 c m  . The cal.culations then yield a scale value, 

height of 10  k m  ( less  than 2 Venusian rad i i ) .  

e lectron density between Venus and the Ea r th  is  then 

, by setting this integral 

6 y  - 3  c m  , we w i l l  a s sume  a 

Q4 
Ne 

The integrated-square 

2 -  22 Ne dz - 5 x 10 
- 5  J 

c m  which is in good agreement  with the empir ical  resul ts  presented 

below. The reader  should real ize  that these values would correspond 

to  an extensive ionosphere by t e r r e s t r i a l  s tandards but far smal le r  

than that required f o r  the ionospheric model of Jones.  The value 

N dz = 5 x 10 c m  yields an optical depth of about unity at 2 22  -5 s e  3 68 c m  i f  we a s sume  an  electron temperature  of 10  degree .  As w i l l  

be seen,  this opacity is barely consistent with the r ada r  observations 

and certainly is an upper bound. 

6 -2  
If the value of the integrated-electron density is of o rde r  10 c m  

a n  excellent opportunity exis ts  for the determination of the magnetic 

field of Venus. The Faraday  rotation of the plane of polarization for  a 

l inear ly  polarized wave i s  given by the well-known relationship 

where  H is the magnetic intensity in gauss ,  8 

l ines  of the magnetic field and the propagation vector,  and f the frequency 

in  cps .  

avoiding any measurable  rotation in the Ea r th ' s  field), 

the angle between the 

F o r  a r ada r  reflection experiment conducted at 12 .5  cm (thus 

4 is given by 
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-15 <H> zNe 
N 

$ - 8 . 3 2 ~ 1 0  

16 - Utilizing zN = 10 c m  ', we find that e 

l o 2  (H.) 

Thus if (p can be measured  to  an  accuracy of 10 degrees  (approximately 

the cu r ren t  capability) the Venusian magnetic field can be detected if  

- 3  the field averaged over the electron distribution is grea te r  than 10 

gauss .  

than 10 

( (p > IT ) .  

technique s utilizing two closely - spaced t r an  smi  s s ion f r equenc ie s . 

Should the average field be of a n  order  of magnitude l a r g e r  

gauss  the polarization measurements  would be ambiguous 

However, such a field can be resolved in principle by r ada r  

- 3  

It should be noted that a maximum electron density a t  Venus of 

7 - 3  10 cm 

In principle,  the validity of this  model can be checked by radio and 

r a d a r  techniques a t  frequencies above the t e r r e s t r i a l -p l a sma  frequency 

and below 27 M c / s .  

would correspond to a plasma frequency of about 27 Mc/ s .  

An entirely different argument can be advanced as an  explanation 

of the observed t ime  -of -flight variations in the 68 c m  rada r  observations.  

The electron density of the interplanetary medium i s  at present  poorly 

determined even in the vicinity of the Ea r th ' s  orbi t .  

the orientation of comet ta i ls  by Brandt (1962) suggests that the electron 

density in the vicinity of the Ea r th ' s  orbit  i s  considerably l e s s  than 50 

Recent work on 
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. 

3 e lec t rons /cm . However, Schmidt and E l s z s s e r  (1962) using recent  

work on the zodical-light data have shown that the upper l imit  of the 

electron density near  the Ea r th ' s  orbit i s  at leas t  400 c m  

discordance in resu l t s  is  unexplained. However, i f  we a s sume  that 

the c o r r e c t  value i s  indeed 400 cm 

dependence of N with distance f r o m  the sun, the integrated-electron 

density between the E a r t h  and Venus is found to  be 2 . 4  x 10 

This value is  within an order  of magnitude of that required to  explain 

the r ada r  observations.  The integrated-squared electron density for  

the model i s  found to  be 1 . 4  x 10 

- 800 c m  . 

- 3  . The 

- 3  and adopt an  inverse-square  

e 
15 - 2  c m  . 

21 -5 c m  and the density at Venus is 

- 3  

Thus both of the above models a r e  capable of explaining the 

r a d a r  observations.  It should be emphasized, however, that our 

interpretat ion of the r ada r  data is quite speculative and, consequently, 

the calculation of models may be premature .  

Absorption Effects.  

Another powerful argument against the ionospheric model can be 

made  by considering the absorption of the r ada r  signal power. 

signal power relative to a conducting sphere in a vacuum is caused by: 

(1) l o s s e s  in the Ea r th ' s  a tmosphere;  (2)  l o s ses  in the interplanetary 

medium; (3)  l o s ses  in the Venus atmosphere;  and (4) l o s ses  at reflection 

f r o m  the Venusian surface.  The lo s ses  f rom effects 1 and 2 a r e  

negligible at the wavelengths considered he re .  

the square  of the wavelength, and the lo s ses  by 4 a r e  probably independent 

Loss  in 

Losses  by 3 depend on 
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of the wavelength if  we a s sume  reasonable surface ma te r i a l s .  Con- 

siderations of the scattering l a w  for the surface a t  these frequencies 

a r e  not important for  this discussion. Thus resu l t s  4 and 5 a s  stated 

in Section I, showing that the reflected power was near ly  the same at 

the two wavelengths, immediately suggest that the absorption in the 

Venus atmosphere is not large.  In this  discussion we a s sume  that 

the only important absorption mechanism is the f r e e  - f ree  electron 

process  and neglect collisions with neutral  par t ic les ,  e tc .  ; our a rgu-  

2 25 -5  ments  a r e  thus conservative.  If we a s sume  that 

and T e  = 600"K, we immediately get the absurd resul t  that the loss  on 

the 12. 5 CIA rada r  signal would be 

Ne dz i s  4 x 10 cm s 
- 2  7 - 66 e = e  

Therefore  w e  conclude f rom the absence of dispers ion effects at 

1 2 . 5  and 68 c m  and f rom the excessive absorption at both frequencies 

that the ionospheric model is not acceptable. 

the above analysis  holds only for  the region around the ant i -subsolar  

point since the r ada r  observations were made near  inferior conjunction. 

The observations of the JPL group ran  f rom March 2 2  to  May 8, 1961, 

whereas  those of the Lincoln group extended to  ear ly  June, nearly to  

elongation. In the period f rom March 2 2  t o  May 8 about 67% of the 

Venus disk w a s  covered by the line f rom the r ada r  to  the center of 

Venus as  F ig .  3 shows. 

by the t ransmit ted r ada r  wave but the returned power was pr imar i ly  

It may  be argued that 

Of course the ent i re  disk of Venus was covered 
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f r o m  a "cap1' on the planet 's  surface centered about the line of sight 

f rom the r ada r .  The exact s ize  of this cap depends on the planetary 

rotational ra te  and the surface scattering law (Muhleman, 1962b). 

Kelloggand Sagan (1 962) have qualitatively suggested that the lack of 

variations in the r ada r  reflection power with the planetary phase 

angle could be due to  a "hole" in the ionosphere of Venus centered on 

the ant i -subsolar  point. However, this  argument  is  untenable. F ig .  4 

shows the computation of an  ionospheric model f o r  such a n  ionosphere 

with a hole over 6770 of the disk f o r  Venus at conjunction along with 

the microwave black body observations. 

model  a r e :  

t empera ture  T = 300°K. However, this model would exhibit a strong 

change with changing Venusian phase angle.  

The pa rame te r s  for  this 

, T e  = 1200"K, and the surface 2 26 -5 Nedz  = 10 c m  

S 

S 
In fact ,  when Venus is 

at the eas t  and west  elongations the observed black body temperature  

would be approximately 1000°K for wavelengths of 10  c m  and grea te r  

because m o r e  than half of the disk would be an opaque plasma a t  1200°K. 

Such a phase effect is contrary to the observations of Mayer (1961) and 

Lilley (1961). This model, then, mus t  a l so  be rejected.  

11. UPPER LIMIT ON THE INTEGRATED ELECTRON DENSITY 

The altitude profile of the electron density fo r  the Ea r th  presented 

by Berning (1 960) w a s  numerically integrated to  obtain approximate 

values for  t e r r e s t r i a l  analogies.  These integrations yielded 
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12  N dz = 2 . 5  x 10 ( cm-2)  s e  
and 

s 2 
e N dz = 5 x 10l8  ( ~ m - ~ )  

A value no m o r e  t.-an twice as large as  the first integra, w a s  inferred 

f rom work done by Evans (1957) whose utilization of lunar r ada r  r e -  

flections suggested that the above value for  the integrated square 

electron density is reasonable.  We conclude that the t e r r e s t r i a l  

value is not much different f rom 10 (cm ) .  Such a value for the 

Venus ionosphere would, of course,  cause no measurable  differential 

effects at 12. 5 and 68 cm,  a circumstance which would be consistent 

with the observations.  It i s  interesting to  consider the possibility of 

e r r o r s  in the measured  values of the power reflection. 

consideration of the techniques employed by the two groups suggests 

that the widest reasonable e r r o r s  in these determinations could put 

the power reflection at 12 .5  cm at 207'0 and that a t  68 cm a t  570~ 

should be realized that these values a r e  very unlikely. 

a s sume  that the Venusian sur face  power reflectivity i s  R 

wavelengths, the atmospheric  absorption can be found f rom the two 

equations 

19 -5 

A careful 

It 

If we then 

for both 
S 

-2T68 
se  = 0.05 
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which yield 

- T  = 0 , 6 9 5  68 12 .5  
7 

Then f rom Eq.  (6)  we get 

Table  I1 presents  values for the integrated square electron density for  

a range of values of T and. the ratio of this value to the t e r r e s t r i a l  e 
19  value of 10 as well as the rat io  of the mean Venusian electron density 

to  that of the Earth,  where we have assumed that the thickness of the 

ionospheres is the same  for  both planets. 

reasonable to within an  o rde r  of magnitude. 

in th i s  analysis  is  the mean  temperature  over the ionosphere since it 

has  been taken out of the integral  in Eq. ( 6 ) .  Fu r the rmore ,  only a 

highly unlikely hypothesis would allow the reflection percentages to 

be in e r r o r  by a factor a s  l a r g e  as 2 and in opposite direct ions.  

This supposition appears  

The electron temperature  

We conclude f rom the analysis that the mean  electron density in 

the  Venus atmosphere is l e s s  than two o rde r s  of magnitude g rea t e r  

than the t e r r e s t r i a l  value and probably no m o r e  than one o rde r  of 

magnitude g rea t e r .  
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III. SURFACE PROPERTIES 

The interpretation of the power reflection coefficient f rom the 

68 c m  data for  Venus has been discussed by Pettingill e t  a l .  (1962). 

The fundamental theory for  the reflection of radio waves f rom the 

Ea r th ' s  surface has been given by Stratton (1941) and K e r r  (1951). 

They show that with the assumption that the magnetic permeabili ty 

of the ma te r i a l  i s  equal t o  that of f r ee  space the power reflection 

coefficient f o r  normal  incidence is 

R s  = 

2 

( 9 )  

where E is the standard dielectric constant.  Equation (9)  has  been 

applied to  the lunar r ada r  case  by Senior and Siege1 (1959). 

application of Eq .  (9)  i s  difficult because the effective scat ter ing a r e a  

f o r  Venus o r  the Moon is not known. The radar  cross-sect ional  a r e a  

f o r  a smooth (conducting) sphere la rge  compared with the wavelength 

is equal to  the r ea l  cross-sect ional  a r e a  of the sphere .  However, i f  

the sphere behaves a s  a rough scat ter  (Lamber t )  the radar  c r o s s -  

sectional a r e a  is  increased by a factor of 8 / 3 .  

Moon a r e  apparently smooth at decimeter wavelengths, and the fo rmer  

c a s e  i s  m o r e  nearly co r rec t .  

Equations ( 7 )  and (8), formally solved for the reflection co-  

The 

Both Venus and the 

efficient, may (hopefully) yield an upper bound for the r ada r  reflection 



percentage.  

opacities at 1 2 . 5  and 68 c m  are  related in some known way; e .  g . ,  

by the square of the wavelength for  the f ree- f ree  mechanism.  

data reveal  that  if the opacity variation with wavelength is g rea t e r  

than the first power of X then the absorption at 12 .5  cm must  be 

negligible when compared with that at 68 c m .  If we a s sume  that 

this  variation goes as  X 

We can make  the solution if we can a s sume  that the 

The 

2 , the analysis of Eq. ( 7 )  and (8) yield an  

5 upper bound of Rs = 0.213 

a s  the exponent i nc reases ) .  

assuming a smooth ref lector  yields an upper bound on the dielectr ic  

constant of E - 7. 1 .  The consideration of Lambert  scat ter ing r e -  

qu i r e s  us  to  increase  the scattering a r e a  by 8 /3 ;  the dielectr ic  

constant is thereby reduced to  E - 3. 2 .  

(for a X variation R = . 204; Rs + .200 
S 

Then the formal  application of Eq. (9)  

< 

< 

> 
Assuming that the minimum power reflection is  10% we get E - 3.  7 

> 
f o r  the smooth planet and E - 2.  2 fo r  the rough planet. These resu l t s  

a r e  summar ized  in Table 111. 

e lec t r ic  constant taken f rom Ker r  (1951) are presented for  comparison 

in Table IV .  

proposed a Venusian surface of hydrocarbons 

constants as  low a s  1 . 8 .  

Typical t e r r e s t r i a l  values of the d i -  

It is interesting to  note in passing that Hoyle (1955) has  

which have dielectr ic  

IV. CONCLUSIONS 

1 .  The proposed ionospheric model for  the generation of 

the thermal  radio spectrum of Venus is not consistent 
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with the r ada r  observations.  

The generation of the radio spectrum of Venus by any 

mechanism in its atmosphere which inherently depends 

on high opacity i s  highly unlikely. 

t o  support the conjecture that the observed 600°K decimeter  

black body temperature  der ives  f rom the planetary surface e 

The Venusian atmosphere is essentially t ransparent  a t  

de c ime t e r wavelengths . 

The mean electron density of the Venusian atmosphere 

i s  probably no m o r e  than one o r d e r  of magnitude g rea t e r  

than that for  the Earth.  

The mean  dielectr ic  constant of the Venusian sur face  

material is probably no g rea t e r  than 7.  I with a n  absence 

of la rge  upward variations with the planet 's  rotation con- 

s is tent  with relatively d r y  t e r r e s t r i a l  soils and the absence 

of l a rge  bodies of water .  

2, 

This conclusion tends 

3 .  

4 .  

5. 
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F I G U R E S  

1 .  The radio spectrum of the ionospheric model with the observations. 

2 .  The variations in the astronomical unit determinations f rom the 

68-cm data of Pettingill,  et al. and the 1 0 .  7 -cm solar flux. 

The approximate geometry of the simultaneous radar  coverage 3 ~ 

a t  1 2 . 5  and 68 c m .  

The modified ionospheric model radio spectrum if a "hole" over 

67% of the disk is assumed.  

4. 
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r 

Te(  OK) 

100 

200 

400 

Table I .  The Physical  Size of the Venusian Radiating 
Disk Consistent with the Ionospheric Model 

s Ne2dz’1019 

Electron density 
(cm-3)  

Ne / N  

Q Qe 

T hickne s s 
(J-) 

6 

4 

2 

4 x 10 

4 x  10 

4 x  10 

4 

40 (me te r s )  

Ratio of solid 
angle t o  that of 
the visible disk 

5 4 . 1  x 10 

55 

1 .015  

- 1  

- 1  

Table 11. The  Venusian Integrated Electron Density 
as  a Function of the Electron Tempera ture  

i 
2 s Nedz (cm-5) 

21 

21 

22 

22 

22 

23 

2 .52  x 10 

7 .06  x 10 

2 . 0 2  x 10  

3 .  78 x 1 0  

5 .55  x 10 

7 .26  x 10 

2 
7 . 0 6  x 10 26 .6  

44 .9  

6 1 . 4  

3 

3 

2 .02  x 10 

3 .78  x 10 

3 5 .55  x 10 74 .4  

150.0 4 7 .26  x 10 
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Scattering l aw Maximum E 

Smooth sphere 7 . 1  

Lamber t  sphere 3 . 2  

Table 111. Upper and Lower Bounds on the 
Venusian Dielectric Constant * 

Minimum E 

3 . 7  

2 . 2  

*The atmospheric  absorption is a s sumed  t o  be strongly 
wavelength dependent. 

Table IV.  T e r r e s t r i a l  Dielectric Constants * 

Medium 

Sea w a t e r  

F r e s h  w a t e r  

Very d r y  sandy 
1 oam 

Very wet sandy 
1 oam 

Very d ry  ground 

Moist ground 

Arizona soil  

Austin, Texas  
soil ,  very  
d r y  

A 

10 cm 

l m  

9 cm 

9 c m  

l m  

l m  

3 . 2  c m  

3 . 2  c m  

69 

80 

2 

24 

4 

30 

3 . 2  

2 . 8  

* K e r r  (1951) 
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